This study describes the critical speed enhancement of the KTX-Sancheon, a Korean high-speed train, using measured wheel profiles. The wheel wear shape of the commercial high-speed train was measured according to mileage, and the relationship between conicity and mileage was investigated. The critical speed of the KTX-Sancheon power car was analyzed numerically with the measured wheel profiles. The suspension parameters were optimized to increase the critical speed of the KTX-Sancheon. As a result, the critical speed of the power car increased by 34.1% compared to its initial condition. The results are being used for a new design of the power bogie.
Introduction
Over 10 years have passed since the first commercial operation of a Korean high-speed train (referred to as the KTX) started from Seoul to Busan in 2004. Over the past decade, many changes have been made to the high-speed train. The KTX provides a convenient means by which Korea can be shrunk down and travelled across within half a day. The high-speed line that is currently in operation in Korea has an operating speed of 300 km/h, and the distance between Seoul and Busan is about 422.8 km. Another high-speed line (called the Honam high-speed line) is in operation from Osong to Mokpo (230.9 km). At first, the KTX (20 cars per train) was imported from France, and then the first KTX prototype (HSR350X) was developed from 1996 to 2007. It had seven cars, and the total mileage capability was about 200,000 km. Based on this prototype, the KTX-Sancheon (10 cars per train) was commercialized in 2010. Now, 46 sets of the KTX (920 cars) and 24 sets of the KTX-Sancheon (240 cars) are in operation on the Kyongbu line, and 22 sets of the KTX-Sancheon are currently being used for the Honam high-speed line.
The wheels of the railway vehicle have a conicity that is conical rather than cylindrical. When the axle approaches one side of the rail, the conicity provides a restorative force for the wheel so that it moves back into the correct position (self-steering), and then the train is able to run smoothly along the curves.
The self-steering function of the conicity causes movement of the axle in the horizontal direction, which then causes hunting if severe. The hunting of rolling stock is a case of resonance, and it occurs when the rolling stock runs fast in a straight line. The vehicle body, the bogie, and the axle box vibrate in a rotational direction to the vertical axis, and the hunting sometimes damages the track and the wheel. The speed when the hunting occurs is considered to be the critical speed. 1 The wheel and rail deform elastically because of the weight, which makes an ellipse at the contact patch. In the contact patch, the adhesive force is generated and the train moves. When the force works in the travelling direction of the train (either through propulsion or braking), the tangential speed of the contact patch differs from the train speed, and this process is referred to as ''longitudinal creepage.'' The force when creepage occurs is the creep force. At this time, the force in the traverse direction is also generated and causes hunting. When the train speed is higher, the force increases, and the possibility of hunting increases as well. 2 Some studies on the interrelationship between wheel wear and vibration have been performed. For instance, Hur conducted an experimental study of the wheel wear characteristics of a commercial high-speed train in order to determine efficient maintenance procedures. The equivalent conicity of the measured wheels was less than 0.4. 3 Hur further analyzed the wheel wear characteristics and the relationship between wheel wear and the vehicle vibration of the rolling stock. After a short run from wheel turning (less than 30,000 km), the wheel showed vertical wear of the tire flange. As mileage increased, the wheel wear also increased, and the vibration rose to a higher level. 4 In this study, the wheel wear shape of a commercial high-speed train was measured according to mileage in order to improve the ride quality and safety of the KTX-Sancheon. The KTX-Sancheon numerical model was created, and some suspension parameters related to critical speed were investigated. Finally, based on the results, optimized parameters designed to increase safety and ride quality are proposed.
Measurement of wheel wear
The safety assessment criteria determined by the Korean national railway safety laws and the European standards for running characteristics are based only on the conditions of new cars, so it is difficult to determine how to ensure safety throughout the life cycle of the trains. Therefore, it is important to develop a safety assessment model by considering the conditions throughout the life cycle as well as those of a new car based on the running data of the train. As mentioned above, the critical speed is the measure of the running characteristics of a highspeed train. It is usually evaluated with respect to new wheel conditions. However, the critical speed is very sensitive to wheel wear, so evaluation criteria should be established based on the statistical analysis of the wheel wear conditions of domestic high-speed train running data. In order to do this, the wheel wear data of the KTX and KTX-Sancheon needed to be obtained based on mileage.
When the KTX was introduced in Korea, the wheel profile was GV 40 (1/40 profile) based on the French standard NF F01-115. During the commissioning period, the lateral vibration was generated at the passenger car and the wheel profile was changed to XP55 (1/20 profile). Since commercial operation was initiated and due to lateral vibration problems, the wheel profile of the power car was also changed to XP55. Thus, the current wheel profile of the KTX and the KTX-Sancheon in commercial operation is XP55. 5, 6 In this study, the wheel profiles of the KTX and the KTX-Sancheon in commercial operation were measured in accordance with mileage. Measurements were carried out for 60,000 km of travel from August to September 2014. KTX No. 8, No. 23 and KTX-Sancheon No. 1 and No. 12 were investigated under the cooperation of the Goyang high-speed train repair depot. Various wheel profiles with mileage ranging from 0 km to 335,500 km were measured after wheel turning. The 28 wheels (14 axes) were measured for the KTX and the KTX-Sancheon as shown in black in Figure 1 . The measurement equipment was CALIPRI, and, more specifically, nextSENSE's noncontact measurement of the wheel profile.
The wheel profile measurement results for mileages of 0 km and 335,500 km are shown in Figure 2 . The tread wear and vertical wear of the flange had progressed significantly due to the mileage. It is reported that the wheel becomes accustomed to wear in accordance with mileage, and thus the equivalent conicity increases. 3 The equivalent conicity calculated with the measured XP55 wheel and the new UIC60-20 (the rail profile of the Gyoungbu high-speed railway) are shown in Figure 3 . The equivalent conicity is flat for the new wheel condition and increases with mileage. Figure 4 shows the relation between mileage and the equivalent conicity obtained at a 5 mm lateral shift position in Figure 3 . As shown in Figure 4 , the equivalent conicity increases from 0.052 to 0.25 according to mileage. Thus, based on the above results, it can be seen that the equivalent conicity generally increases with mileage.
Numerical analysis
To study the KTX-Sancheon's dynamic behavior, a model was constructed using VAMPIRE from DeltaRail Group Limited. 7 The model of the KTX-Sancheon's power car is shown in Figure 5 .
The length of the power car is 22.705 m, the height is approximately 4.062 m, the width is approximately 2.814 m, and the distance between bogies is 14 m. The power bogie was modelled as shown in Figure 6 . The wheelbase of the bogie is 3 m, the new wheel diameter is 0.92 m, and the wear limit is 0.85 m. The primary suspensions for connecting the axle and bogie frame consist of coil springs, vertical dampers, and elastic joints. Secondary suspensions that connect the bogie and the car body are composed of coil springs, vertical dampers, lateral dampers, anti-yaw dampers, and a pivot joint. The properties for the suspension elements were provided by the manufacturer. The track used for the stability analysis had irregularities of initial steps in the horizontal and vertical direction ( Figure 7 ). The critical speed is determined based on whether or not the vehicle is stable when the external disturbances arise at a specific speed. The results of the critical speed analysis are shown in Figure 8 . First, in order to determine the critical speed tendency, an analysis was performed with the contact data obtained from Kalker's linear creep model. 8 The critical speed reaches the maximum value at a conicity of 0.035; on the left side, the critical speed decreases by car body hunting, and on right side, it decreases by bogie hunting. In Figure 8 , the critical speed is displayed, which was calculated with the non-linear contact data from the XP55 wheel profile in Figure 4 . The critical speed based on the non-linear contact data tends to be lower than that determined with the linear creep model. As the wheel wear progresses, the equivalent conicity increases and the critical speed decreases.
To verify the simulated results, the acceleration of the KTX-Sancheon driver's cab was measured. The lateral and vertical acceleration data were measured on the Kyoungbu high-speed railway (DaejeonGwangmyoung section), and root mean square (RMS) values were acquired. These results were compared to the simulated results, as illustrated in Figure 9 (a). In Figure 9 (a), the simulated results are similar to the measured results. The lateral displacement of axle box was also investigated to verify the simulation. The Roller-Rig test results were extracted for comparision. 9 As illustrated in Figure 9 (b), the axle box lateral displacements of Roller-Rig test are similar to those from simulation according to speed. From the previous results, the simulation has been verified. 
Enhancement of critical speed
Optimization introduction Figure 10 illustrates the process of designing an optimal system by using the design of the experiments. At first the characteristic value, design parameters, and constraints of the system must be defined. The characteristic value is the performance value of the system which is maximized or minimized. The design variables are the conditions which affect the system's performance. When the design variables are defined, the levels must also be defined. The levels correspond to the number of values that a given variable can take. For example, a two-level variable has maximum and minimum values, and a three-level variable has maximum, minimum, and intermediate values. The constraints are the conditions that the design variables must meet, which are determined by linear or nonlinear algebraic equations. Then, a sensitivity analysis is performed to select the variables which have a large influence on the system's characteristics. For this study, the Plackett-Burman design 10 was used. The Plackett-Burman design is a sensitivity analysis method using two-level factorial experiments that significantly reduces the number of required experiments. The Plackett-Burman design is widely used as an experimental schedule for sensitivity analysis because the results are easily compared along an orthogonal array. 11 After selecting the variables to be optimized, the second-order regression model function is estimated by using the response surface methodology, 12 which shows the relationship between the design variables and the output variables. At this time, to estimate the regression model function with a small number of experiments, the design and output variables are obtained by using the central composite design, 11 which is an experiment where the central and axial points are added to the two-level factorial experiment. The reliability of the estimated model function can be verified by an F-test from an analysis of the variance table. 11 Finally, the design variables that minimize the estimated model function are found through the sequential quadratic programming (SQP) method. 13 
Sensitivity analysis
For the sensitivity analysis, the experimental design and analysis were performed using the PlackettBurman design, 10,11 as mentioned above. The seven variables that were thought to be relatively important among the suspension parameters were selected, and the sensitivity analysis was performed on them. The critical speed of the vehicle was chosen as the objective function. The levels of the design variables for improving the vehicle's performance are illustrated in Table 1 . In Table 1 , ''current'' means current values in use, and ''min'' and ''max'' mean the lower and upper limit values of the design parameters. The limit values were derived through engineering-related discussions of the hands-on design workers considering the system characteristics and manufacturing conditions. Table 2 shows the experimental schedule for the sensitivity analysis and the result of each experiment. The response function can be obtained as Formula (1) using Table 2 . The results of the sensitivity analysis are shown in Figure 11 . 
As is shown in Figure 11 , the variables that have a significant effect on critical speed are the primary elastic joint x-directional stiffness, the primary coil spring y-directional stiffness, the secondary coil spring y-directional stiffness, and the primary elastic joint y-directional stiffness in sequence. In this study, the above four variables were chosen for the optimal design because the critical speed is relatively sensitive to these variables. To increase the critical speed at a higher conicity (worn wheel), a conicity of 0.187 was chosen for the optimal design. Optimization using response surface methodology Table 3 shows the central composite experimental design with the four variables chosen in the previous sensitivity analysis and the critical speed calculation result of each experiment. The second-order regression model function was determined by combining the experimental results, and the result is shown in Formula (2). 
For verification of the regression function, an ANOVA table 11 was prepared, as shown in Table 4 . Table 2 . Orthogonal array and simulation results for sensitivity analysis. Since F 0 > F(0.01) in Table 4 , it can be seen that the estimated regression function is reliable within the 1% level of significance. Therefore, for optimization, the necessary objective function and constraints can be rearranged as Formula (3). In the following equation, the objective function is the maximization of critical speed, so the negative value is taken into the regression function to solve for the minimization problem. Find x 1 , x 2 , x 3 , x 4 Figure 11 . Result of sensitivity analysis. 
The design parameters for minimizing the objective function were derived by using the SQP method. Table 5 shows the optimization results of the four design parameters when the wheel conicity is 0.187. In this case, the critical speed is 579.6 km/h, which has increased by about 34.1% compared to the initial condition. In commercial trains, the conicity ranges from 0.05 to 0.3. The critical speed in this region before and after optimization is illustrated in Figure 12 . As shown in Figure 12 , the critical speed of lower conicity decreased after optimization. In order to solve this problem, the primary and secondary coil spring y-directional stiffness was returned to the initial condition, and the critical speed of the lower conicity was slightly increased. The adjustment of the primary elastic joint stiffness is then able to make the critical speed higher than that of the initial condition. The critical speed is expected to be over 400 km/h through the conicity range in commercial use (0.05-0.3).
Curving test
The adjustment of the primary elastic joint stiffness may influence the curving ability, so the curving test was carried out with the track in Figure 13 . The track has 150 m radius and 70 mm cant. The operating speed is 60 km/h. Both the initial and revised conditions in Figure 12 were used for curving test. The simulation results are shown in Figure 14 . The results are almost the same for both the initial and revised conditions when it comes to lateral force, load reduction and quotient. The values from 500 m to 1000 m in Figure 13 are averaged and arranged in Table 6 . The difference is less than 0.42%. Therefore the adjustment of the primary elastic joint stiffness in this study has little influence on the curving ability.
Conclusions
The wheel profiles of the KTX and KTX-Sancheon were measured in order to investigate the decrease in critical speed according to the wear of the wheels. It was confirmed that the equivalent conicity increased with mileage, whereas the critical speed decreased.
To improve the critical speed of the KTXSancheon power car, a sensitivity analysis was performed for the seven suspension parameters affecting the critical speed. The sensitivity analysis revealed that the variables that significantly affect critical speed were the primary elastic joint x-directional stiffness, the primary coil spring y-directional stiffness, the secondary coil spring y-directional stiffness, and the primary elastic joint y-directional stiffness in sequence. Using these four variables, the optimization was determined using the response surface methodology. The 25 experiments were created by the central composite design table, and the second-order regression function was estimated. The estimated regression model function was verified by the F-test from the ANOVA table, and it was confirmed that the estimated regression function was reliable within the 1% level of significance. The optimization of the regression model function was performed using the SQP method. As a result, the critical speed of the KTX-Sancheon power car increased by 34.1% compared to the initial condition. However, the critical speed at lower conicity decreased after optimization. In order to solve this problem, the primary and secondary coil spring y-directional stiffness was returned to the initial condition, and the critical speed at lower conicity was slightly increased. Finally, it should be noted that the results of this study are not limited to this particular task; these successful results are now being used for a new design of the power bogie.
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